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Regulating Insect Flight Muscle with Troponin
Anja R. Katzemich1, Gian-Felice De Nicola2, Kevin R. Leonard3,
Annalisa Pastore2, Belinda Bullard1.
1University of York, York, United Kingdom, 2NIMR, Mill Hill,
United Kingdom, 3EMBL/EBI, Cambridge, United Kingdom.
Indirect flight muscle (IFM) contracts at high frequencies at a priming level of
Ca2þ that stays constant during oscillations. The muscles are stretch-activated.
Alternating contraction of opposing muscles produces resonant distortions of
the thorax, which results in rapid movement of the wings. The TnC isoform,
F1, which binds one Ca2þ in the C-lobe, is needed for stretch-activation.
The N-lobe of F1 is inactive and does not bind TnH (the TnI of IFM). The
C-lobe changes from a closed to open conformation on binding Ca2þ. How-
ever, the binding of TnH to this lobe is independent of Ca2þ, and the transition
may be necessary for optimum orientation of TnH. The minor TnC isoform, F2,
which is needed for the development of isometric force at relatively high
[Ca2þ], binds one Ca2þ in each lobe; association with TnH involves both
lobes and is Ca2þ-dependent. In Lethocerus IFM, the C-terminus of TnH is
close to a crossbridge, and may form part of a ‘‘troponin bridge’’ between
the thick and thin filament, transmitting strain to the thin filament on stretch.
The inhibitory sequence of TnH would be pulled off actin by stretching, rather
than by reversibly binding to the N-lobe of TnC in the presence of Ca2þ, as
occurs in skeletal muscle. We will describe the effect of the C-terminal half
of F1 alone on oscillatory contraction, and the effect of adding the C-terminal
region of TnH to compete with endogenous TnH.
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Dynamics of a Troponin Chimera Reproduce the Effects of Calcium on the
Troponin Complex
Olivier Julien1, Claire N. Allen2, Pascal Mercier1, Carlos H.I. Ramos3,
Tharin M.A. Blumenschein2, Brian D. Sykes1.
1University of Alberta, Edmonton, AB, Canada, 2University of East Anglia,
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In striated muscle, contraction is regulated in a Ca2þ-dependent manner by the
three subunits of the troponin complex. Troponin I (TnI) inhibits actomyosin
ATPase in the absence of calcium; Ca2þ binding to troponin C (TnC) causes
conformational changes that alter the interaction between TnI and TnC, remov-
ing the inhibition. These conformational changes are transmitted to the rest of
the thin filament through interactions with troponin T (TnT). Nuclear magnetic
resonance (NMR) studies of the core skeletal troponin complex (52 kDa)
showed Ca2þ-dependent changes in relaxation parameters of the regulatory
region of TnC (residues 1-91) (Blumenschein et al., J. Biol. Chem. 280,
21924), and that the last 50 residues of TnI are disordered irrespective of the
presence of calcium (Blumenschein et al., Biophys. J. 90, 2436). This disorder
is postulated to be essential for muscle regulation (Hoffmann et al., J. Mol.
Biol. 361, 625). Due to the size of the troponin complex, it was not possible
to observe the remaining residues of the regulatory region of TnI (98-182).
A chimeric polypeptide, containing the regulatory regions of TnI and TnC
connected by a short linker (GGAGG), is capable of regulating actomyosin
ATPase (Tiroli et al., FEBS Journal 272, 779), and at 20 kDa, provides a
better target for NMR studies and the ability to visualise the residues so far
unobserved. NMR relaxation measurements were used to study the dynamics
of this troponin chimera in the presence and absence of calcium, and when
the difference in molecular weight is taken into account, the relaxation para-
meters reproduce perfectly the results observed for the whole complex, in
the presence and absence of calcium, both for the TnC and TnI regions previ-
ously observed.
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Structural Kinetics of Troponin during Activation of Skeletal Muscle
Fibers by Photolysis of Nitrophenyl-EGTA (NP-EGTA)
Luca Fusi, Elisabetta Brunello, Ivanka Sevrieva, Yin-Biao Sun,
Malcolm Irving.
King’s College London, London, United Kingdom.
Mutants of troponin C (TnC) with bifunctional rhodamine (BR) cross-linking
pairs of cysteine residues 56 and 63 or 96 and 103, along the C- and E-helices
respectively, were exchanged into demembranated fibers from rabbit psoas
muscle. Changes in the orientation of the two helices following a sudden in-
crease in [Ca2þ] elicited by photolysis of NP-EGTA were monitored by polar-
ized fluorescence. The second- and fourth-rank order parameters, <P2> and
<P4> respectively, that describe the orientation distribution of the BR dipoles
with respect to the muscle fiber axis were calculated from the polarized fluores-
cence intensities. 5 ms after photolysis, when force was only 3% of maximum,
the changes in <P2> and <P4> were 90% complete for the C-helix and 65%for the E-helix. The results reveal the kinetics of the first steps in the signaling
pathway in the troponin complex: the [Ca2þ] jump induces a fast structural
change in the N-terminal lobe of TnC, containing the regulatory Ca2þ sites
near the C helix, followed by a structural change in its C-lobe (containing
the E helix) that is still faster than force generation. When active force devel-
opment was inhibited by N-benzyl-p-toluene-sulphonamide (BTS), the kinetics
and amplitude of the orientation change in the C-helix were not affected,
whereas the orientation change in the E-helix was reduced. The effect of
BTS on the kinetics also revealed a component of the E-helix orientation
change that is synchronous with force development and accounts for the ampli-
tude decrease, suggesting that myosin head binding to actin completes the
structural change of the C-lobe initially triggered by calcium binding to the
N-lobe.
Supported by Medical Research Council and Wellcome Trust, UK.
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Persistence Length of Human Cardiac a-Tropomyosin Implies Near-
Neighbor Cooperative Activation of Cardiac Thin Filaments
Campion Loong, Huan-Xiang Zhou, P. Bryant Chase.
Florida State University, Tallahassee, FL, USA.
a-Tropomyosin (aTm) is the predominant tropomyosin isoform in adult human
heart and constitutes a major component in Ca2þ-regulated systolic contraction
of cardiac muscle. The mechanical flexibility of aTm is an important param-
eter governing its regulatory function, including the spanning range of cooper-
ative activation of striated muscle thin filaments. Previous persistence length
(Lp) estimates of different isoforms of WT Tm range from 50-170 nm, or
one to four contour lengths (Lc) of the molecule, in different temperatures.
We present here highly consistent Lp measurements from multiple large pop-
ulations of single molecules of human cardiac aTm in room temperature using
our previously reported direct probe imaging technique. Bacterially-expressed,
human cardiac aTm was incubated and adsorbed on poly-lysine coated mica at
25oC. The adsorption is an irreversible and diffusion limited process with dif-
fusion coefficient of ~107cm2/s. A total of 199-1950 molecules (typically
greater than 500) per independently prepared sample were imaged using
atomic force microscopy and their contours were analyzed. Analysis of tangent
correlation along molecular contours yielded average Lp of 41-48 nm for WT
aTm, consistent in various incubation times from 30s to 900s. Variation across
multiple WT aTm samples independently prepared at identical conditions is
~5 nm. Similar analyses for three independent samples of the familial hyper-
trophic cardiomyopathy (FHC)-related aTm E180G mutant prepared in
identical conditions yielded Lp of 24-31 nm. The marked, 38% decrease of
measured Lp likely provides an important mechanistic link between the
E180G mutation of human cardiac aTm and cardiac hypertrophy in FHC.
Our measurements also suggest WT human cardiac aTm is a semi-flexible
molecule with Lp comparable to Lc, consistent with previous results that coop-
erative activation of vertebrate striated muscle thin filaments spans 1-2 struc-
tural regulatory units.
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Ca2D-Activated Tension in Skeletal Muscle Myofibrils after Troponin-
Tropomyosin Removal and Reconstitution
Beatrice Scellini1, Claudia Ferrara1, Nicoletta Piroddi1, John Sumida2,
Corrado Poggesi1, Sherwin S. Lehrer2, Chiara Tesi1.
1Universita` di Firenze, Firenze, Italy, 2Boston Biomedical Research Institute,
Watertown, MA, USA.
Tropomyosin (Tm) is a coiled-coil alpha-helix regulating the cooperative acti-
vation of muscle contraction by the thin filament. Tm forms strands along actin
filaments which azimuthally move between switched-on/off locations under the
influence of Ca2þ-troponin (Tn) and strong crossbridge formation. The flexibil-
ity of Tm strongly influences its movement so that the relaxation-activation
mechanism within the thin filament may be critically modulated. Here we study
the mechanical consequences of the presence of chicken recombinant alpha
tropomyosin, D137L, in rabbit skeletal muscle myofibrils, previously charac-
terized in vitro (Sumida et al., 2008). Endogenous Tm and Tn are replaced
into rabbit skeletal muscle myofibrils (Siththanandan et al., 2009) with
recombinant rabbit Tn (WT) and chicken alphaTm (WT and D137L). SDS-
PAGE analyses of samples of myofibrils show that Tm-Tn replacement was
about 90%. Force recordings from small bundles of myofibrils (Tesi et al.,
2002) show that at saturating [Ca2þ ] (pCa 4.5), maximal tension was not
affected by Tm flexibility nor were the rates of force activation (kACT) and force
redevelopment (kTR). However, at submaximal [Ca
2þ ] (pCa 5.9), the presence
of D137L Tm significantly increases (about 15-20%) both force and kinetics
of force generation. Consistently, force-pCa curves obtained from myofibrils
Monday, February 27, 2012 231areplaced with chicken D137L Tm showed a 0.15 increase in pCa50 compared to
WT. This result supports the hypothesis (Sumida et al., 2008) that the increased
flexibility imparted to the Tm coiled-coiled structure by Asp at 137 avoids
excessive turning-on of the system at the high physiological myosin concentra-
tions. Supported by Telethon-Italy GGP07133, STREP Project ‘‘BIG-
HEART’’ 241577 EC and NIH HL22461.
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Massimilano Memo1, Nigel F. Clarke2, Nigel G. Laing3, Kristen J. Nowak3,
Gianina Ravenscroft3, Caroline Sewry4, Rakesh K. Jain5, Sandeep Jaywant5,
Vilma-Lotta Lehtokari6, Mintuu Marttila6, Carina Wallgren-Petersen6,
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Hospital, Oxford, United Kingdom, 6University of Helsinki, Helsinki,
Finland.
Two mutations, skeletal a-actin K326N and b-tropomyosin DK7 were reported
in patients with ‘stiff’ muscles and spontaneous contractures, suggesting a hy-
percontractile phenotype. K326N actin was isolated from a patient biopsy and
DK7 b-tropomyosin was expressed in baculovirus/sf9 cells. Ca2þ regulation of
reconstituted thin filaments was studied by quantitative in vitro motility assay.
Both mutations increased Ca2þ-sensitivity (EC50 mut/WT =0.3750.05 and
0.4550.25 respectively). In recent models of actin-a-tropomyosin in the
OFF state, both actin K326 and tropomyosin K7 are located in the actin-
tropomyosin interface. We suppose that the charge change due to the mutation
would destabilise the OFF state and favour the equilibrium towards the ON
state, thus accounting for the higher Ca2þ-sensitivity.
We also examined a pair of mutations that cause loss of function. Skeletal a-
actin D292V (from a patient biopsy) and b-tropomyosin E117K (expressed
in baculovirus/sf9 cells ) cause congenital fibre type disproportion ( i.e weak
contractility without nemaline bodies). In reconstituted thin filaments b-tropo-
myosin E117K caused a decrease in Ca2þ-sensitivity (EC50 mut/WT =
2.4450.55). Addition of tropomyosin to actin D292V filaments caused a com-
plete switch-OFF of motility that could not be reversed by troponin at high
Ca2þ or even NEM-S-1. Thus congenitally weak muscles correlate with loss
of function at the molecular level. These mutations are not at the interface of
the OFF state but have an opposite charge change to the gain-of-function mu-
tations and are in a location that could destabilise the ON state, which may ac-
count for the loss of function.
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Testing Predictions of a Simple Two-State Model of Thin Filament
Regulation: Inhibitors that can Activate Thin Filament Motility
Milad Motarjemi, Travis Stewart, Josh E. Baker.
University of Nevada School of Medicine, Reno, NV, USA.
Striated muscle is activated by calcium binding and further activated when
myosin heads strongly bind the regulated thin filament (RTF). Several interme-
diate states of the myosin-RTF binding pathway continue to be debated, how-
ever for an accurate mesoscopic kinetic model it is imperative to define only
stable chemical states without inclusion of transient intermediate structures.
Our novel simplified model of thin filament regulation (SMoR) is a stream-
lined, two-state system with calcium- and myosin-dependent binding rates.
This minimalist model is consistent with both the Hill and the McKilloop
and Geeves models. It is easily incorporated into larger scale models of
skeletal and cardiac mechanics and provides a simple analytical expression
with powerful predictive value for accurate hypothesis testing. SMoR predicts
amrinone, an inhibitor of ADP release, will increase calcium sensitivity;
sucrose, an inhibitor of myosin attachment, will decrease calcium sensitivity
as a result of modulations of attachment and detachment kinetics, respectively.
Our experimental data shows pCa50 shifts from a standard value of 5.65 to
6.44 with 4mM amrinone; and to 5.14 with 180mM sucrose. Our model
predicts that altering both attachment and detachment kinetics will have
compensatory effects, allowing calcium sensitivity to be ‘‘rescued’’. Complex
modulations of myosin kinetics were tested experimentally with 4mM amri-
none which was rescued with low myosin density and 120mM sucrose to
restore the pCa50 to 5.64 and 5.66 respectively. SMoR predicts that decreasing
the ADP release rate at low calcium can increase actin-sliding velocities.
Consistent with the prediction, we show amrinone increase actin-sliding veloc-
ities at sub-activating calcium concentrations. The ability to make complex
predictions from fundamental principles has yet to be shown by any other
model. SMoR is an accessible and accurate alternative to more complex
models of regulation.Platform: Membrane Protein Structure I
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Testing the Structural Mechanism of Transmembrane Translocation using
De-Novo Designed Soft-Metal Transporters with Inverted Dual Topology
Nathan H. Joh1, Gevorg Grigoryan2, Yibing Hu1, William F. DeGrado1.
1UCSF, San Francisco, CA, USA, 2Dartmouth College, Honover, NH, USA.
Recent crystallographic discoveries show that surprisingly diverse transmem-
brane transporters share a very similar topology composed of pseudo-
symmetric inverted dual subunits. So, a common structural mechanism may
govern the divers translocation. For instance, alternate frustration of the
pseudo-symmetry can thought to be the underlying principle that governs the
structural interconversion that results in alternate access of substrates. Here,
to test the generation of transport function by a universal mechanism, we
have employed a de-novo design approach to achieve a soft metal translocation
function in a minimalist system. An anti-parallel homo-tetrameric bundle of
25-residue transmembrane helices was designed to adopt soft metal chelation
in a pseudo inverted symmetry context. Vesicle-reconstituted de-novo peptide
shows transport activity specific for soft metal ion Zn2þ. Also, the protein
structure and chelation,
as well as its tetrameric
arrangement, gazed by
UV-Vis, circular dichro-
ism, analytical ultra-
centrifugation, NMR and
x-ray diffraction in a
micellar context is consis-
tent with the design. To-
gether, these results are
in agreement with trans-
port via alternate frustra-
tion of internal symmetry.1167-Plat
Transporter BetP - Oligomeric Structure, Transport Catalysis and Regu-
lation
Markus Becker1, Stanislav Maksimov1, Camilo Perez2, Christine Ziegler2,
Reinhard Kraemer1.
1University of Koeln, Koeln, Germany, 2Max-Planck-Institute of Biophysics,
Frankfurt, Germany.
The Naþ coupled betaine uptake system BetP of Corynebacterium glutamicum
belongs to the BCCT family of transporters and comprises both a catalytic
function (betaine/Naþ cotransport) and a sensory/regulatory function (re-
sponding to osmotic stress). Its 2D (electron crystallography) and 3D structure
(X-ray crystallography) has been solved. Within a homooligomeric trimer,
each BetP protomer harbours both an N- and a C-terminal domain involved
in stimulus sensing and intramolecular signal transduction. Factors known so
far contributing to the sensory and regulatory function of BetP are (i) the
two terminal domains, (ii) Kþ ions as an osmostress related stimulus, and
(iii) interaction with the surrounding membrane. The primary stimulus of
BetP, the rise in the cytoplasmic Kþ concentration, has been elucidated using
a proteoliposomal system, whereas the second stimulus, attributed to changes
in the physical state of the surrounding membrane was investigated in intact
cells.
Intramolecular signal transduction of the two different stimuli involves contri-
butions from individual domains of BetP protomers and is essentially based
on its oligomeric (homotrimeric) structure. We have now analyzed interaction
of the three individual protomers of BetP in mechanistic terms by using
novel heterooligomeric constructs of BetP composed of three structurally
different protomers. On the basis of these studies we suggest a functional
model of intersubunit crosstalk between the three individual BetP monomers
as well as the terminal domains of BetP during its catalytic and its sensory
function.
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Three-Dimensional Structure of Full Length Integrin Embedded in
Membrane
Xiao-Ping Xu, Eldar Kim, Sheryl Harvey, Mark Swift, Jeffrey W. Smith,
Niels Volkmann, Dorit Hanein.
Burnham Inst, La Jolla, CA, USA.
Electron cryo-microscopy, three-dimensional image analysis and computa-
tional docking were used along with biochemical and biophysical approaches
to provide the three-dimensional (3D) structure of full length aIIbb3 integrin
while in a membrane bilayer. Integrins are expressed on the cell surface in
either an ‘‘on’’ or an ‘‘off’’ state with respect to ligand binding. Increased
